Model calculations and measurements of the specific propagation and backscatter differential phase shifts (K DP and ␦ o , respectively) in rain are discussed for X-( ϳ 3 cm) and K a -band ( ϳ 0.8 cm) radar wavelengths. The details of the drop size distribution have only a small effect on the relationships between K DP and rainfall rate R. These relationships, however, are subject to significant variations due to the assumed model of the drop aspect ratio as a function of their size. The backscatter differential phase shift at X band for rain rates of less than about 15 mm h Ϫ1 is generally small and should not pose a serious problem when estimating K DP from the total phase difference at range intervals of several kilometers. The main advantage of using X-band wavelengths compared to S-band ( ϳ 10-11 cm) wavelengths is an increase in K DP by a factor of about 3 for the same rainfall rate. The relative contribution of the backscatter differential phase to the total phase difference at K a band is significantly larger than at X band. This makes propagation and backscatter phase shift contributions comparable for most practical cases and poses difficulties in estimating rainfall rate from K a -band measurements of the differential phase.
Introduction
Attempting to improve radar estimates of rainfall through the use of multiparameter radar measurements has a long history (Atlas et al. 1984) . Recently, however, there have been a number of experimental studies (e.g., Zrnic and Ryzhkov 1996; Ryzhkov and Zrnic 1996) indicating that radar rainfall rate estimators based on the specific differential propagation phase shift (K DP ) between horizontally and vertically polarized signals outperform widely used empirical relations between rainfall rate R and equivalent radar reflectivity Z e (Z e -R relations). Advantages of the differential phase ap-proach are their independence of 1) the radar receiver and transmitter calibration, 2) the attenuation of radar signals in rain, and 3) a partial radar beam blockage. Most importantly, differential phase as a function of rain rate is less sensitive than reflectivity to the variations of the drop size distribution. Also, phase measurements are not biased by ground clutter cancelers.
Theoretical considerations of the differential phase approach to rainfall measurements can be traced back to the work of Seliga and Bringi (1978) ; however, extensive experimental studies have a more recent history. These studies were limited mostly to the S-band radar wavelengths, with some recent exceptions including C-band wavelengths (e.g., May et al. 1997) . At long wavelengths such as S band (10-11 cm), the propagation differential phase shift is relatively small and estimations of rainfall rate require significant spatial and temporal averaging. This makes radar measurements of light to moderate rain difficult if possible at all. A recent study by Blackman and Illingworth (1997) puts a minimal rain rate practically retrievable from S-band K DP data at 7.5 mm h Ϫ1 for 5 km averaging at 25-km range. Measurements of K DP at X band could lower limiting values by a factor of about 3.
In the Rayleigh scattering regime, the magnitude of K DP is proportional to the reciprocal of the radar wavelength. Consequently, the use of shorter wavelengths will allow more accurate estimations of light to moderate rain and improve temporal and spatial resolution because of the greater phase change per unit rainfall rate.
Partial signal attenuation in rain, which is one of the major difficulties in applying traditional Z e -R relations at short radar wavelengths, is not a problem for the differential phase approach unless radar signals suffer complete attenuation. Preliminary calculations show that deviations from the Rayleigh scattering for X-band wavelengths are expected to be small for light and moderate rain rates. These deviations, however, are more profound at K u -and, especially, at K a -band wavelengths.
One important complication that needs to be more carefully evaluated at shorter wavelengths is the differential phase shift on backscatter, a non-Rayleigh effect, that is a part of the total differential phase shift measured by polarization diversity radar. The backscatter phase shift cannot be readily separated from propagation phase shift and it increases with an increase in raindrop sizes. At S-band wavelengths, backscatter differential phase shift is usually very small compared to the propagation phase shift if estimates are done over the range of a few kilometers.
The Radar Meteorology and Oceanography Division of the NOAA/Environmental Technology Laboratory (ETL) has developed two polarization radars operating at X band ( ϭ 3.2 cm) and one at K a band ( ϭ 0.86 cm). One of the two X-band radars was recently upgraded with a new data acquisition system (Campbell and Gibson 1997) and pulse-to-pulse transmitter polarization switching. It is now capable of K DP as well as other linear polarization parameter measurements.
Published work, either theoretical or observational, on the use of differential phase measurements at wavelengths shorter than C-band wavelengths is limited, with a few exceptions (Jameson 1994a (Jameson , 1991 Kezys et al. 1993; Tan et al. 1991) . In this paper, we present the results of modeling propagation and backscatter differential phase shifts at X and K a band in rain, estimate the variability of K DP -R relations due to natural changes in drop shape and drop size distributions, and assess potentials for estimating light to moderate rainfall rates from K DP measurements with X-band radars. Some initial data obtained with the ETL X-band radar in light rain are given to illustrate these potentials.
Propagation differential phase shift at X and K a bands
The equation for the specific one-way differential phase shift due to propagation of radar signals at a wavelength through rain can be written as (Matrosov 1991) Bohren and Huffman (1983) . They relate to the forward-scattering amplitudes f often used in the radar meteorology literature as S p ϭ Ϫ2if p /, where p is the polarization subscript. In (1), we do not perform integration with respect to the particle canting angles because canting angle effects are very small compared to the variations in differential phase due to different models of drop shapes (i.e., drop aspect ratios). It was assumed in model calculations that D max ϭ 7 mm.
a. Models of raindrop shapes
The shape of falling raindrops is close to that of oblate spheroids, and their aspect ratio r decreases as D e increases. The equilibrium shapes can be approximated by the empirical formula
which provides aspect ratios close to the ones presented by Pruppacher and Pitter (1971) . There are indications (e.g., Kubesh and Beard 1993) , however, that oscillations of raindrops cause their mean shape to be less oblate than the equilibrium shape. Mean aspect ratios of oscillating raindrops given by Kubesh and Beard (1993) can be approximated by the formula in the form of (2) but with the coefficient 0.44 instead of 0.62. Note that the drop aspect ratio suggested by Morrison and Cross (1974) ,
e e e is between the mean and equilibrium shapes for D e Ͼ 2 mm. The recent work of Bringi et al. (1998) also shows examples of droplets (2 mm Ͻ D e Ͻ 4 mm) being more spherical than the equilibrium shape suggests.
To assess the variability in differential phase due to drop shapes, we performed calculations with both equilibrium and mean aspect ratios. Figure 1 shows the product ( f h Ϫ f v ) 2 for individual drops as a function of their equal-volume diameter. The scaling factor 2 was included because the amplitudes f h and f v are proportional to Ϫ2 in the Rayleigh scattering regime. For comparisons, S-band data are also shown in this figure. Calculations of scattering amplitudes were performed using the T-matrix approach (Barber and Yeh 1975) for the horizontal incidence and the vertical orientation of drop axes. The complex refractive indices of water were calculated assuming a temperature of 10ЊC.
As seen in Fig. 1 the scattering amplitude behavior VOLUME 38
Forward-scattering amplitude difference as a function of drop size for different radar wavelengths and drop shape models.
at S band is similar to that at X band, which means that K DP -R relations would differ at those bands by, approximately, only a scaling factor of about 3 (i.e., the ratio of the wavelengths at those bands). On the other hand, scattering amplitudes at K a -band exhibit a strongly non-Rayleigh behavior. First, the difference f h Ϫ f v is positive, but then f h becomes smaller than f v for drop sizes greater than about 2.5 mm for both models of particle shapes. This means that potentially useful differential phase measurements at K a band could be limited to very light rainfall rates.
b. Models of drop size distributions
Variability in K DP -R relations due to DSD variations can be estimated in two ways: 1) calculating differential phase shift and rain rate for a model distribution when parameters of this distribution are allowed to vary in a priori-specified intervals and 2) calculating these parameters for experimental DSD. Following Chandrasekar et al. (1990) , we assumed a gamma-function drop size distribution in the form of
The DSD simulations were performed for the order of the gamma-function n changing from Ϫ1 to 4 with the increment of 1, and the median volume diameter of drops D m changing from 0.8 mm to 2 mm with the increment of 0.3 mm. As in Ryzhkov and Zrnic (1995) , the parameter N o (m Ϫ3 mm Ϫ1Ϫn ), according to Ulbrich (1983) , was allowed to vary in the interval specified by the choice of n: We also estimated the variability of K DP -R relations using experimental data given by Sauvageot and Lacaux (1995) . These authors published results of disdrometer measurements from several locations fitted by parameters , D g , and N T of the lognormal distribution
Although the use of these distributions for estimating the variability of K DP -R relations does not substitute for the use of original disdrometer data, we performed calculations for the published distributions (5) in a manner similar to that of Ryzhkov and Zrnic (1996) in order to estimate sensitivity of these relations to the DSD type.
c. Sensitivity of K DP -R relations to DSD and drop shape models
Calculations of the rainfall rate R for the DSD discussed above were made using the integral
͵ e e e 6 0 where the drop terminal fall velocities (in m s Ϫ1 ) were approximated by the polynomial fit suggested by Wobus et al. (1971) : 
As mentioned earlier, the main advantage of measuring K DP at shorter radar wavelengths is the possibility of getting a phase signal from light and moderate rainfalls that is large enough to measure compared to measurements at longer wavelengths where the signal could be too small for reliable estimates. Light to moderate rainfalls, however, are of great climatological importance because a significant fraction of total rain accumulation generally comes from rainfalls with R Ͻ 15 mm h Ϫ1 . Mazin (1989) , for example, mentions that for the European part of Russia, with a probability of more than 90%, the mean rainfall rate R is less than 11 mm h Ϫ1 for short rains with duration of less than 1 h. For the longer duration rains this probability increases, reaching more than 99% for rains with duration of more than 3 h. For rains with duration of less than 1 h and more than 3 h, the mean rainfall rate is less than 5 mm h Ϫ1 with probabilities of about 30% and 90%, respectively. Even in the Tropics stratiform rain could account for 40% of total accumulation (Houze and Hobbs 1982) . Taking into account these considerations and the signalto-noise advantages of shorter radar wavelengths over longer wavelengths for measuring light and moderate rains, we performed our calculations for rain rates R Ͻ 15 mm h Ϫ1 . Figure 2 shows the results of simulating K DP -R relations for the gamma (Figs. 2a and 2b) and lognormal (Figs. 2c and 2d) distributions for the ETL radar wavelengths: ϭ 3.2 cm and ϭ 0.86 cm. Only DSD for which R Ͻ 15 mm h Ϫ1 were included. The coefficient a and the exponent b of the power-law regression fit,
and the relative standard deviations of data from the best-fit curve are given in Table 1. This table also shows a and b values for ϭ 11 cm (S band) and ϭ 5.3 cm (C band) to allow comparison with published relations in these bands.
The best-fit power-law regressions for gamma and lognormal distributions are quite close, indicating a low sensitivity of K DP -R relations to the type of DSD. The relative standard deviations of points about the best-fit curve, however, are significantly larger for model gamma distributions than for experimental distributions fitted by lognormal functions. This is probably because some combinations of the gamma-function parameters N o , D m , and n used in model calculations could be unrealistic. The relative standard deviations for both DSD types are significantly less (by a factor of 2 on average) than similar deviations for traditional Z e -R relations that were also computed for the same drop size distributions (results are not shown). The Z e -R relations were also quite sensitive to the type of DSD (gamma versus lognormal). Only 14 DSDs from Sauvageot and Lacaux (1995) 
There is a need for more model DSD fits of disdrometer measurements to augment these data.
As seen in Fig. 2 and Table 1 , K DP -R relations are significantly more sensitive to the assumed drop aspect ratio (shape) model than to the details of DSD. Note that the exponent b does not change significantly, being around 1 for ϭ 0.86 cm and around 0.85 for ϭ 3.2 cm. The coefficient a, however, changes significantly, increasing by about 50% for ϭ 3.2 cm and almost by a factor of 2 for ϭ 0.86 cm when going from the equilibrium to the mean drop shape. This suggests that K DP -R relations need tuning to select a proper value for a. Such tuning can be done by comparing gauge measurements of rainfall with estimates from radar differential phase measurements.
Values of the coefficient a and the exponent b for ϭ 11 cm and equilibrium drop shape from Table 1 (corresponding figures are not shown) are very close to those used for the interpretation of National Severe Storm Laboratory's Cimarron radar ( ϭ 10.97 cm) K DP measurements: R ϭ 40.6 (Sachidananda and Zrnic 0.866 K DP 1987). Note that this relation was also derived for the equilibrium drop shape with the use of (2), and it was shown to provide results in a relatively good agreement with the surface rain gauge data especially for higher rain rates (Ryzhkov and Zrnic 1995) . Note, however, that the C-band relation suggested by May et al. (1997) , R ϭ 34.6
, is close to that obtained in this study for 0.83 K DP the mean drop aspect ratios and the corresponding radar wavelength ( ϭ 5.3 cm).
The results summarized in Table 1 for ϭ 3.2 cm would not change significantly if a broader rain-rate interval were considered. Increasing this interval to 0-30 mm h Ϫ1 would decrease a only slightly to 12.1 and 18.2 for the equilibrium and mean drop shapes, respectively. The exponent b would not change effectively. This relative insensitivity of K DP -R relations for ϭ 3.2 cm to rain-rate interval is due to quasi-Rayleigh behavior of the forward-scattering amplitudes as a function of drop size at X band for the considered rain rates.
Calculations also indicated (results are not shown here) that the effects of incorporating the integration in (1) with respect to typical changes (a few degrees from the vertical) in the canting angle are significantly smaller than the ones caused by the uncertainties in drop aspect ratios as a function of size (i.e., equilibrium versus mean drop shapes). So these effects are neglected in subsequent considerations.
Rains with rates greater than 15 mm h Ϫ1 would likely contain larger drops. This could cause negative values of K DP for ϭ 0.86 cm because of the sign reversal of the scattering amplitude difference ( f h Ϫ f v ) as the characteristic size of raindrops increases (see Fig. 1 ). In Figs. 2a and 2c the data scatter around the best-fit regression becomes greater as rainfall rate increases. This scatter is low for R Ͻ 3 mm h Ϫ1 , while non-Rayleigh effects are relatively weak. The corresponding relative standard deviation for the K a -band data diminishes by a factor of about 2 compared to values given in Table 1 if the rain-rate interval 0-3 mm h Ϫ1 is considered instead of the interval 0-15 mm h Ϫ1 .
Backscatter differential phase shift at X and K a bands
The specific differential phase shift K DP is estimated as a range derivative of the total differential phase shift DP measured by radar. For non-Rayleigh scattering, there is also a contribution to DP by the integrated differential phase shift on backscatter ␦ o : DP ϭ ϩ
is the propagation phase shift. A simple (P) DP estimation of K DP is the slope of the total phase accumulation as a function of range between ranges r 1 and r 2 :
In (9), the factor 2 in the denominator accounts for the fact that radar measures the two-way differential phase shift. The backscatter phase shift contaminates estimations of K DP through the second term in the numerator. Values of ␦ o are small for S-band wavelengths even for intense rainfall rates; however, the backscatter differential phase shift can cause some problems at X band. At K a band, values of ␦ o can be very significant even for modest rainfall rates. Figure 3 shows the backscatter differential phase ␦ for individual drops as a function of drop size. As in the case of the propagation differential phase, calculations were performed for equilibrium and mean drop aspect ratios using the T-matrix algorithm. Here ␦ is defined as the difference between arguments of the complex backscatter amplitudes for horizontal ( ) and ver-
where (*) means complex conjugation.
As seen in Fig. 3 ␦ for ϭ 3.2 cm remains very small for drops whose sizes do not exceed about 2-2.5 mm. For D e Ͼ 3 mm, the rate of the ␦ increase with the drop size becomes more significant. This rate is greatest between D e ϭ 3 mm and D e ϭ 4 mm. The differential phase shift on backscatter at ϭ 0.86 cm is very pronounced for drops with D e larger than about 1 mm. It generally increases with the drop size increase for D e Ͻ 6 mm except for the negative spike at about D e ϭ 4.5 mm.
The integrated backscatter phase shift for an ensemble of raindrops can be calculated by using the equation (Tan et al. 1991 )
To estimate the variability of ␦ o as a function of rain rate, calculations using (11) were performed for the gamma and lognormal drop size distributions considered in the previous section. Given the results of Fig. 3 one would expect significant integrated backscatter phase shifts ␦ o at K a band. Figure 4 shows the results of calculations of ␦ o as a function of rain rate for ϭ 0.86 cm. There is a lot of scatter because ␦ o is related to R less directly than K DP . For a given drop shape model, ␦ o is related primarily to characteristic drop sizes (i.e., D m in gamma distributions and D g in lognormal distributions); it is less directly related to the widths of the distributions (i.e., n and ) and not related to the normalizing factors (i.e., N o and N T ). However, the general trend for ␦ o is to increase as rain rate increases (due to the fact that larger rain rates are associated with larger drops). Accordingly as in the K DP case, we approximated ␦ o -R relations by power-law functions:
where the coefficient c and the exponent d are presented in Fig. 4 (␦ o is in degrees and R is in mm h Ϫ1 ). As seen in Fig. 4 , with an exception of a few data points, ␦ o values at ϭ 0.86 cm are less than 7Њ. These contributions to differential phase measurements can be comparable in magnitude if specific differential phase estimations are made over range intervals of several kilometers. Note that the backscatter differential phase at ϭ 0.86 cm could reach 4Њ-5Њ even for very light precipitation (R ഠ 1 mm h Ϫ1 ). Considerations expressed above indicate that K DP estimates of rain rate in K a band could be effective only for rather homogeneous light precipitations when DSD does not change significantly over sufficiently long estimation intervals, so that ␦ o differences at the beginning and the end of the K DP estimation interval are small. It should be noted also that backscatter phase shift contributions due to local changes in drop characteristic size could be evident as an isolated extremum in the generally increasing trend of DP with range.
Alternatively, for short-range intervals and inhomogeneous precipitation, ␦ o would dominate propagation VOLUME 38 differential phase shifts, so differential phase measurements might be useful as estimators of hydrometer characteristic sizes (and possibly of shapes, with additional consideration of other polarization parameters), as suggested by Blackman et al. (1995) for melting-level studies. Calculations performed for ϭ 3.2 cm showed that ␦ o values at X band are less than at K a band by about one order of magnitude. The approximations (12) for ϭ 3.2 cm are 0.3R 0.5 and 0.18R 0.5 for the gamma DSD and equilibrium and mean drop shapes, respectively. These results are in general agreement with earlier X-band assessments by Tan et al. (1991) . These approximations demonstrate that differential backscatter phase shift is expected to be generally within about 1Њ for the rain-rate interval considered in this paper.
However, as previously mentioned, it is the difference in ␦ o in the estimation interval [see (9)] that matters most, not the absolute values of ␦ o (although local extrema in DP due to backscatter can contaminate K DP estimates as a slope of the total phase change with range). This difference is expected to be much smaller than 1Њ if DSD does not change drastically over the range interval used to estimate K DP . Conceivably, a filtering approach (e.g., Hubert and Bringi 1995) can be used for the backscatter differential phase shift correction.
Experimental examples of K DP measurements in rain at ‫؍‬ 3.2 cm
The differential phase measurements of rain at ϭ 3.2 cm were taken in September 1997 using the NOAA/ ETL X-band radar. The radar was located at the Erie field site about 20 km northeast of Boulder, Colorado. The stratiform event of 20 September was associated with an atmospheric frontal passage and, depending on location, intermittent rain produced from 7 to 10 mm of water accumulation over 3 h. About 40% of the total rain was accumulated during a period between 0350 and 0440 UTC.
Measurements of DP and other radar parameters were taken for radar beams that consisted of 256 range gates with the gate spacing of 150 m. The lowest elevation free of blockage and ground clutter was about 1.3Њ. For most of the event, the radar scanned inside the azimuthal sector from 90Њ to 310Њ at a rate of about 5Њ s Ϫ1 for two elevations (1.5Њ and 3Њ), so the time interval between the same azimuthal and elevation beam positions was about 1.5 min. Each ''beam'' of recorded radar data was based on averages from 64 consecutive HHVV transmitted sequences where H and V denote the transmission of horizontally and vertically polarized pulses. Figure 5 shows an example of raw DP measurements for one of the beams. These phase data are quite noisy; however, a positive trend of gradually increasing phase is apparent. No contributions of the backscatter differential phase shift were obvious in this dataset.
These raw phase data were subject to initial filtering, which included removal of artifacts (i.e., data points not associated with meteorological targets) by thresholding on Doppler velocities and normalized correlation coefficient between two consecutive echos. Near-zero Doppler velocity was suggestive of clutter-contaminated data, and the low correlation coefficient was an indicator of signals too weak to include. The K DP values were then calculated as the slope of a linear regression line for sliding window intervals of range, as in Ryzhkov and Zrnic (1996) . The regression window was shifted at increments of one range gate, and the resultant value of K DP was assigned to the gate at the middle of the window. Larger window intervals are usually used for smaller K DP values in order for a measurable phase change to be produced at the lighter rainfall rates. Here, we used intervals from 2 to 8 km to estimate the effect of the window size.
The data from six high-resolution rain gauges were available for comparisons with time series of rain accumulations retrieved from differential phase measurements. These tipping-bucket-type rain gauges were located along the different azimuthal directions at ranges from 2.75 to 21.74 km from the radar and provided resolution of 0.01Љ for time series measurements of rain accumulation.
For purposes of illustration, Fig. 6 shows rainfall rates calculated from K DP measurements as a function of time above one of the gauges located at a range of 11.46 km for 0350-0440 UTC. The measurements were taken at an elevation angle of 1.5Њ. Here R represents an average of rain rates calculated for three consecutive range gates and centered above the gauge location. Results calculated for different regression window intervals are presented in this figure. The K DP -R relation obtained for K DP calculate rain rates. Note that the rain rates for different regression windows are quite close, except that data for the 2-km window exhibit more variability.
Time dependences of rainfall accumulation as derived from K DP data and measured by this gauge are shown in Fig. 7 . Accumulation values calculated using four different window intervals for K DP are within about 20% of each other for this case (as was typical for other gauges) and they somewhat underestimate gauge measurements. The results for the longest regression window (8 km) differ the most, probably, because of the larger spatial averaging. Note that the equilibrium drop shape K DP -R relation (R ϭ 14 ) would provide ac-0.85 K DP cumulations smaller than those shown in Fig. 7 by a factor of about 1.6.
Comparisons of radar data for the elevation 1.5Њ and ground measurements of rain accumulation (A) for all the gauges indicate that there is a very small mean (few percent) negative bias in radar estimates as compared to the gauge estimates if the relation R ϭ 20.5 is 0.8 K DP used. Given uncertainty gauge measurements this bias can probably be neglected. The mean relative standard deviation (RSD) between radar and surface rain gauge datasets for all the gauges was about 39% (with variations of a few percentage points due to the choice of the regression window) for this rain event. RSD and the mean bias (B) were calculated using
For this rainfall event, the largest underestimation of gauge measurements by radar data was about a factor of 2 and the largest overestimation was about a factor of 1.5. The melting level was estimated to be at about 1.1 km, so radar rain estimates at elevation 1.5Њ were within the rain region for all the gauges. Comparisons of K DP -derived rain accumulations at 1.5Њ and 3Њ elevations for the closest gauges, where 3Њ elevation rainfall estimates were still below the melting level, revealed a significant vertical variation in rain estimates for this event. Accumulation and rainfall rate data derived for the lower elevation were larger than those for the higher elevation by an average of 20%. This vertical variability of K DP estimates of rain is not well understood now. It could contribute to a relatively high values of RSD.
The second stratiform rain event of the X-band K DP field test was recorded on 23 September 1997. This event had a duration similar to the previous one; however, it produced smaller accumulations and was not as widespread as the event of 20 September. The radar was operating in an unattended mode inside the azimuthal sector from 90Њ to 310Њ for four consecutive elevations: 1.3Њ, 1.6Њ, 2Њ, and 2.3Њ. This scanning regime resulted in an approximately 3-min temporal resolution of radar estimates over the rain gauges. Figure 8 shows rainfall rates derived from differential phase measurements for the gauge located at 15.61 km along the 187.5Њ azimuth. The data are presented for the lowest available elevation of 1.3Њ and, as before, the relation derived here for the mean aspect ratio of raindrops (i.e., R ϭ 20.5 ) was used. As for the event 0.80
Rainfall rate from K DP measurements over the rain gauge located at azimuth 187.5Њ and range 15.61 km for different regression window intervals (K DP data for ␤ ϭ 1.3Њ).
FIG. 9.
Rain accumulation over the rain gauge at azimuth 187.5Њ and range 11.46 km for different regression window intervals (K DP data for ␤ ϭ 1.3Њ).
of 20 September 1997, the 2-km regression window estimates exhibit the strongest temporal variability in retrieved rain rates. Generally, however, accumulation estimates derived with windows of different lengths agree relatively well, indicating that the rain was rather homogeneous horizontally.
Rain accumulations as a function of time for this gauge are presented in Fig. 9 . As one can see, most of the liquid was accumulated over a 20-min time period. A time mismatch of several minutes between radar and gauge accumulations could result from a possible clock difference in these two instruments. Comparisons of the rainfall estimates for different radar elevations also revealed a vertical variability of rain that was not, however, as strong as for the previous event.
The mean bias and the relative standard deviation calculated as an average of four regression window intervals for this event (Ϫ6% and 38%, respectively) were very close to the values for the first event of 20 September 1997.
Conclusions
Prospects for estimating rainfall using differential phase shift (K DP ) measurements with X-and K a -band radar were examined. It is shown that for rainfall rates of less than 15 mm h Ϫ1 , the possible backscatter differential phase shift ␦ o at X band is usually less than about 1Њ. The backscatter differential phase shift contribution to K DP measurements represents the difference in ␦ o values at the edges of the range interval used for K DP estimates and is expected to be smaller than K DP values for such rain rates, especially if DSD does not change significantly over the estimation interval and several kilometers long intervals are used. Thus, this contribution usually should not introduce significant error into estimations of rainfall from K DP measurements at X band in light and moderate rains. In marginal situations this contribution might be approximately corrected from retrieved rain rates.
The ␦ o values at K a band are approximately one order of magnitude larger than at X band, while the differential phase shifts due to propagation are only about two times larger. The relative strength of backscatter effects could prevent effective use of rain estimates using K DP measurements at K a band unless long-range intervals are used for rainfall estimations and the DSD does not vary significantly over these intervals.
Modeling K DP for X and K a bands showed that K DP -R relations exhibit only modest variation due to variations in the parameters of gamma and lognormal drop size distributions. These relations, however, are very sensitive to the model of drop aspect ratio (a/b) as a function of drop size. The equilibrium aspect ratio (a/b ϭ 1.03-0.62D e ) used in most studies for S band and the mean aspect ratio (a/b ϭ 1.03-0.44D e ) used also here provide a factor of about 1.5 difference in K DP -R relations for X band and a factor of about 2 difference for K a band. Note, that the mean aspect ratio considered in this study was obtained by approximation of data from Kubesh and Beard (1993) for only the few data points that were published. This aspect ratio model, however, provides K DP -R relations that are quite close (within 10%) to ones obtained for C band with the aspect ratio model reported by Keenan et al. (1997) .
The X-band differential phase measurements of rain were conducted in September 1997 near Boulder, Colorado. Radar measurements were taken in a stratiform event with intermittent rain averaging 4-5 mm h Ϫ1 . Data analysis showed that the lengths of the regression window intervals from 2 to 8 km used for K DP estimation were providing close results in terms of rain accumulation (usually within 20%). This indicates a relative horizontal homogeneity of the observed rain and the possibility of getting a good spatial resolution of rain estimates for such light rainfalls. Note that the advantage of X-band wavelengths rather than longer wavelengths is its the ability to get a better resolution of estimates in light and moderate rains and/or to lower the limit (by about a factor of 3 compared with S band) of retrievable rain rates.
Comparisons of rain accumulations obtained from X-band differential phase measurements and by highresolution rain gauges deployed in the area for two stratiform rain events yielded a small negative bias (few percent), with a relative standard deviation of about 38% for both cases if the relation for the mean drop aspect ratio is used: R ϭ 20.5
. In contrast, rain accumu-0.80
K DP lations calculated with the relation for the equilibrium drop shape (R ϭ 14 ) were lower by about a factor 0.85 K DP of 1.6 for these datasets.
The two events discussed above were the first experimental attempts to obtain quantitative rainfall assessments from K DP measurements using the NOAA/ ETL X-band radar. Subsequently, this radar participated in 1998 TRMM validation studies in Texas. Preliminary analysis for more intense rainfall (R ϳ 10 mm h Ϫ1 ) from these studies indicate that the K DP -R relation based on the equilibrium drop shape, rather than the mean drop shape, could provide a better agreement between radar and gauge measurements. TRMM data will be reported in the future, but the different result underlines the need in ''tuning'' K DP -R relations. More data are needed to better establish appropriate parameters of these relations at X band for different rain-rate intervals.
One factor that might have contributed to the difference between gauge comparison results obtained in Boulder and Houston is the difference in altitude of the experimental sites. Higher altitudes near Boulder (about 1600 m ASL) probably resulted in drop fall velocities greater than ones given by (7). Given that both K DP and R depend on the details of DSD in a similar way, this may lead to the fact that a greater value of the coefficient a in K DP -R relations was needed to reach better agreement with rain gauges. Since the terminal velocities of water drops are proportional approximately to the 0.45th power of the air density, (Beard 1985 ), the coefficient a should then be considered as altitude dependent:
where the subscript o refers to sea level conditions. It has been shown (e.g., Jameson 1994b; Ryzhkov and Zrnic 1995) that differential reflectivity measurements (Z DR ) can be used for tuning K DP -R relations at S band. The coefficient a is proportional to some negative power of Z DR . Since Z DR is generally increasing with the rain rate, a decreases with an increase of R. Tuning Z DR -R relations for both air density and Z DR would bring data from Boulder and Houston into better agreement.
The situation at X band, however, is complicated by the differential attenuation affecting Z DR measurements. It may be possible to resolve that problem with a scheme for correcting differential attenuation effects based on differential phase measurements. Such studies are, however, beyond the scope of current research.
